Mimicking the mechanical properties of the cell cortex by the self-assembly of an actin cortex in vesicles The composite of the actin cytoskeleton and plasma membrane plays important roles in many biological events. Here, we employed the emulsion method to synthesize artificial cells with biomimetic actin cortex in vesicles and characterized their mechanical properties. We demonstrated that the emulsion method provides the flexibility to adjust the lipid composition and protein concentrations in artificial cells to achieve the desired size distribution, internal microstructure, and mechanical properties. Moreover, comparison of the cortical elasticity measured for reconstituted artificial cells to that of real cells, including those manipulated using genetic depletion and pharmacological inhibition, strongly supports that actin cytoskeletal proteins are dominant over lipid molecules in cortical mechanics. Our study indicates that the assembly of biological systems in artificial cells with purified cellular components provides a powerful way to answer biological questions. A common structural model of cells considers the cells as inner liquid cores wrapped by spherical outer shells composed of the actin cortex and plasma membrane. 1, 2 The actin cortex is a thin sheet of actin meshwork formed by actin cytoskeletal proteins, including actin, actin crosslinkers (ACs), motor proteins, and other actin binding proteins (Fig. S1) . [3] [4] [5] The plasma membrane is largely a lipid bilayer embedded with transmembrane proteins. The actin cortex and plasma membrane are connected by anchoring proteins. The composite of actin cytoskeleton and plasma membrane plays important roles in sensing mechanical stimuli and subsequently remodeling its own microstructure, which governs many essential cellular events such as migration and morphogenesis. [6] [7] [8] [9] The cell shape changes in these events can be largely considered mechanical processes. Therefore, understanding the mechanical properties of the composite can provide deep insight into the nature of important biological phenomena.
Currently, there are two complementary strategies for studying the mechanical properties of cells: the top-down and the bottom-up approaches. The former involves simplifying the cellular systems by the combination of genetic deletion or knockdown of nonessential genes and pharmacological inhibition of the function of certain proteins. 4, [10] [11] [12] The latter relies on the reconstitution of the actin cytoskeleton with purified or synthesized components in in vitro systems. [13] [14] [15] [16] [17] [18] [19] [20] [21] Previous measurements conducted with in vivo and in vitro systems suggest that the mechanical properties of the actin cortex depend on the force-dependent affinities of all of these proteins to F-actin as well as their concentrations. Despite the numerous experiments conducted in live cells, only a limited number of genes and proteins can be deleted or inhibited simultaneously, and when expressing genes of interest in cells, it can be difficult to control expression precisely. On the other hand, numerous proteins can be added in precisely controlled concentrations to in vitro reconstitution systems, though this can be labor intensive. One type of in vitro assay is to assemble the actin meshwork into a 2D flat sheet and measure its viscoelastic properties by particle tracking methods and shear micro-rheology. [14] [15] [16] 18, [22] [23] [24] These assays provided many deep insights into the mechanical properties of cytoskeletal proteins. But the curvature effect of cytoskeletonmembrane composite in cells is missing in these measurements. An emerging technology involves building artificial cells by reconstituting the actin cortex in lipid vesicles using the emulsion-based technique. [25] [26] [27] Besides possessing curvature, the vesicles synthesized by the emulsion method have the following advantages: adjustable lipid composition of inner and outer layers of the membrane, precisely controllable concentration of each essential component, efficient usage of the components, high yield of unilamellar vesicles, relative short processing duration, and simple experimental setup.
Over the past decade, a few attempts have been made to synthesize the actin cortex in vesicles to produce artificial cells. 26, [28] [29] [30] [31] However, no mechanical measurements were conducted on these artificial cells, and some of the components were unnatural proteins. Here, we used natural proteins to assemble the actin cortex and anchor it to the lipid membrane of the unilamellar vesicles. Further, we showed that the stability and associated yield of artificial cells can be tuned by adjusting the actin concentration. Last, we measured the stiffness of the artificial cells with different concentrations of actin and its crosslinkers, and compared it to that of wild-type (WT) and mutant Dictyostelium cells. The comparison indicated that the top-down and bottom-up approaches indeed provide complementary strategies for understanding the collective behaviors of actin cytoskeletal proteins. In brief, the synthesis of artificial cells consisted of two steps (Fig. S2) . 5 The first step involved the formation of micron-sized aqueous droplets wrapped by a monolayer of lipid in a mixture of mineral oil and lipids by mechanical vortexing. In the droplets, the protein concentrations were set to the desired levels. The lipid monolayer corresponded to the inner leaflet of the artificial cells and was composed of phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylinositol 4,5-bisphosphate (PIP 2 ) as in real cells. 32 In the second step, the aqueous droplets passed through a monolayer of lipid (mainly PC at the interface between mineral oil and buffer) with the aid of centrifugation force to form vesicles. This monolayer of lipids formed the outer leaflet of the bilayer membrane. The vesicles with desired protein concentrations inside and proper lipid composition were the artificial cells of interest.
We conducted control experiments to ensure that one can take the advantage of emulsion method to engineer the vesicles. To verify that the emulsion method is able to preserve the proteins of interest inside the aqueous droplets and vesicles, we used tetramethylrhodamine isothiocyanate (TRITC)-dextran as a volume marker. As shown in Figs. 1(a) and 1(b), the intensity of TRITC-dextran is roughly proportional to the size of the aqueous droplets and vesicles, indicating the emulsion method is able maintain the protein concentrations as designed. Moreover, the number of vesicles in Fig. 1(b) suggests that emulsion method has a fair yield. To demonstrate that the lipid compositions of inner and outer leaflets can be controlled separately, we used fluorescein isothiocyanate (FITC)-PE and Pyrene-PE in the first and second steps, respectively, during synthesis. PE labeled with different fluorescent probes indeed was incorporated into the targeted lipid layers ( Fig. 1(c) ).
It is known that anchoring proteins are important for the structural integrity of cytoskeleton-membrane composite in cells since in vivo measurements demonstrated that cells with impaired expression of anchoring proteins displayed significant reduction of cortical tension. 4, 33 Here, in the artificial cells, an anchoring protein, cortexillin-I having both actin-binding domains and PIP 2 -binding motifs, 34 was purified and used to build the physical linkages between the actin cortex and the bilayer membrane. 5 The concentration of cortexillin-I was 4 lM and the fraction of PIP 2 was about 3%, close to that in Dictyostelium cells. As shown in Fig.  2 (a), the enrichment of cortexillin in the proximity to membrane was highly dependent on the presence of PIP 2 . Furthermore, in the absence of either PIP 2 ( Fig. 2(b) ) or green fluorescence protein (GFP) tagged cortexillin-I ( Fig.  2(c) ), the actin labeled with rhodamine dye uniformly spread in the vesicles and failed to form a cortex next to the membrane. On the other hand, the presence of PIP 2 and cortexillin-I was able to promote the formation of actin cortex, which was anchored to the membrane, suggesting that these two natural molecules are sufficient for the formation of an actin cortex ( Fig. 2(d) ).
During the synthesis, the effective surface-tension together with the centrifugation speed determined the size distribution of the aqueous droplets and the artificial cells. First, the stabilities of aqueous droplets are largely governed by the composition of lipids encapsulating them. Second, the total force they experience can be simplified as F total ¼F C þF B þF T with the assumption that the droplet shape is close to a sphere. 35 Here,F C is the centrifugal force;F B is the buoyancy force; andF T is the composite tension accounting for various tensions at the interface. Further scaling analysis yields F C $ r 3 , F B $ r 3 , and F T $ r, where r denotes the radius of aqueous droplet. 5 Projecting all the forces to the direction perpendicular to the interface gives F total ¼ C À B ð Þr 3 À Tr, where C, B, and T are the coefficients for centrifugal force, buoyancy force, and composite tension, respectively. Thus, aqueous droplets are able to pass through the interface and form vesicles only when
. Aqueous droplets with sizes larger than r* are able to cross the interface and form vesicles with the aid of centrifugation. Meanwhile, the lipid composition affects the interfacial tension between the oil and water interface. Therefore, varying centrifugal speed and lipid composition allows the tuning of the size distribution of vesicles and artificial cells.
Different lipids have distinct geometries and favor specific local curvatures. 36 PC is cylindrical in shape and favors the formation of a flat lipid layer without curvature; whereas, PE lipid is considered to have a cone shape and usually results in a curved lipid layer. Additionally, the head group of PC is larger than that of PE. 37 These properties together make the PC dominant in the outer leaflet, while PC and PE coexist in the inner leaflet of the cellular plasma membrane. 38, 39 To mimic the cellular properties, we used PC for the outer leaflet in the synthesized vesicles (artificial cells) and a mixture of PC and PE for the inner leaflet. Indeed, different lipid compositions (PE to PC ratio) in the membrane displayed significant effects on the size of aqueous droplets and vesicles where actin was absent ( Fig. 3(a) ). The images of aqueous droplets were taken immediately after the vortexing to avoid the coalescence. 40 At the same centrifugation speed, the maximum size of droplets and vesicles located at PE:PC $ 1:1. This phenomenon could be explained by the increased tension due to the enhanced head-head interaction between lipids as the lipid composition changes from either pure PC or pure PE to PE:PC ¼ 1:1. 5 For aqueous droplets, the average size of the droplets R is related to the surface tension c, and the mechanical work (referred to vortexing here) performed during emulsification w, by R / c=w.
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Since the mechanical work was the same for the cases with different lipid compositions, the increased tension resulted in droplets with larger size R. Examples of the corresponding size distribution are shown in Fig. S4 . 5 For the formation of vesicles, the increased tension yielded a larger r * because of r Ã $ ffiffiffi T p as discussed earlier. Because r * is the smallest size of droplets that can pass though the oil-water interface, equimolar amounts of PE and PC favors the formation of larger vesicles. By comparison, the size distribution of artificial cells with actin cortex inside was almost independent of the lipid composition (Fig. 3(b) ). The effect of actin cortex could be due to the composite of plasma and actin cortex. Cellular observations already suggested that the actin cytoskeleton provided major resistance to stretch deformation, while the plasma membrane mainly provides the resistance to bending deformation. Actin dominance in cortical tension possibly led to the insensitivity of the size to the lipid composition. This is further supported by the observation that higher actin concentrations resulted in larger artificial cells at the same spin speed (Fig. S5) . 5 Therefore, the size of synthesized artificial cells can be tuned by actin concentration as well as lipid composition.
Besides the effective surface-tension, the centrifugation speed also played an important role in tuning the size distribution of vesicles. The equation, r Ã ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi T= C À B ð Þ p , suggests that r* decreases with increased C, or equivalently the centrifugation speed because the centrifugation force is linearly proportional to the square of the centrifugation speed. The average size of vesicles indeed decreased with increased centrifugation speeds (Fig. 3) . However, the equation derived here assumed that the aqueous droplets were rigid spheres and did not include the local deformation of the droplets due to the shear force associated with centrifugation. Therefore, the equation can only interpret certain features of the experimental observations. For instance, it is noted that very large aqueous droplets did not successfully form vesicles, which could not be explained by the equation. We suggest that this might due to the breakdown of the rigid sphere assumption. We observed that large droplets were much more easily deformed by the shear force than small droplets were. Further, the large droplets adopted a dome shape at the interface during centrifugation. 42 The dome shaped droplets had a much larger contact area with the water phase below, than a sphere with the same volume and thus presumably had a larger overall tension force, F T . Namely, F T $ r is not valid for large aqueous droplets. This deformation associated nonlinear relation between F T and r might explain why large aqueous droplets failed to form vesicles.
To characterize the mechanical properties of the artificial cells, we used micropipette aspiration to measure the cellular elongation at different pressures. 43, 44 We varied the actin concentrations in the range of 0-15 lM and the concentration of actin crosslinker dynacortin in the range of 0-5 lM while keeping the concentrations of the other components the same. The concentration of cortexillin-I was 4 lM. The outer leaflet was 100% PC, whereas the inner leaflet had a PE:PC ratio of 1:1 and 3% PIP 2 . 32 Similar to the behaviors of vesicles and live cells, 43, 44 the elongation of the artificial cells in the micropipette increased almost linearly with respect to the applied pressure in low pressure range (Fig. 4(a) ). We used linear least-squares regression to fit the measured data points to a straight line and calculated the slopes of artificial cells with different protein concentration inside (Figs. 4(b)-4(d) ). The slope derived from the deformation-pressure relation is thought to be proportional to the effective Young's modulus (Table I) . 43 Since the large slope corresponds to high Young's modulus of the cell cortex, the measurements indicate that the Young's modulus of the artificial cells increased with the concentrations of actin and crosslinking protein dynacortin.
In addition to the bottom-up approaches described above, we adjusted the cellular properties using top-down strategies and made comparisons between real cells and the artificial ones. We lowered the concentration of actin filaments in Dictyostelium cells by adding actin depolymerization chemical, latrunculin A (in 0.1% dimethyl sulfoxide (DMSO)), and genetically depleted the expression level of one major actin crosslinker, dynacortin using a dynacortin hairpin (dyn-hp) plasmid. The cellular concentration of filamentous actin was reduced from 70 to $30 lM by 2 lM latrunculin A. 45 The knockdown efficiency of dynacortin by dyn-hp is >98%.
10 Consistent with previous results, myosin II null cells (deleted for the myosin II heavy chain (mhcA) gene, Fig. 4(f) ) displayed a smaller slope (lower Young's modulus in Table I ) compared to WT cells (Fig. 4(e) ). Additionally, latrunculin A treatment of myosin II null cells dramatically reduced the Young's modulus (Fig. 4(g) , Table  I ). Meanwhile, DMSO was shown to have a negligible effect on our measurements (Fig. S6) . 5 Moreover, the depletion of dynacortin by dyn-hp together with latrunculin A treatment (Fig. 4(h) ) further diminished the Young's modulus to a level similar to that of the artificial cells (Figs. 4(b) and 4(c) , Table I ). Last, these measurements suggest that the membrane contribution to the effective Young's modulus of the cell is very small (<2%-5%), compared to the contribution from cytoskeletal proteins.
In summary, we employed the emulsion method to synthesize artificial cells with a biomimetic actin-based cortex and measured the corresponding mechanical properties. We demonstrated that this method allows one to freely tune the lipid composition and protein concentrations in artificial cells to achieve the desired size distribution, internal microstructures, and mechanical properties of artificial cells. Additionally, our results provided further evidence that the actin cytoskeletal proteins play dominant roles in cortical tension, whereas plasma membrane's contribution is rather small. This study also suggests that a better understanding of the cellular properties may be achieved by the combination of the assembly of biological systems in artificial cells and the reduction of the counterparts in living cells. Currently, the major challenging issue of building artificial cells is the limited amount of purified proteins to begin with, which could be potentially solved by using high-yield protein purification methods. 46 This work was supported by the National Institutes of Health Grants GM66817 and GM86704 (to D.N.R.).
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Mimicking the mechanical properties of the cell cortex by the self-assembly of an actin cortex in vesicles Tianzhi Luo, dithiothreitol (DTT, #3483-12-3), and dimethyl sulfoxide (DMSO, D128) were purchased from Fisher Scientific.
Cell culture
WT and mutant Dictyostelium strains were grown at 22C in Hans' Enriched HL-5 media. Dynacortin hairpin (Dyn-hp-pDXA-3H) plasmid was transformed using electroporation and transformants were selected using the appropriate selection medium using Blasticidin S.
Actin polymerization
Actin polymerization was induced by adding the desired amount of 10x F-buffer (10 mM ATP, 10 mM DTT, 134 mM imidazole, 9 mM EGTA, 9mM MgCl 2 , 450 mM KCl 2 ) and 10x oxygen scavenging system (8% w/v D-glucose, 10 mg/mL glucose oxidase, and 0.2 mg/mL catalase) to the solution.
Measurements of mechanical properties using micropipette aspiration
Micropipette aspiration was performed as described previously.
2,4
The cell protrusion L P (Fig. 4a) in the pipette was measured 15 sec after the pressure was applied to take into both elastic and viscous properties of the cells into account. The images of deformed cells and vesicles were collected using an Olympus IX81 microscope and analyzed using ImageJ software (http://rsbweb.nih.gov/ij/).
Synthesis of vesicles using the emulsion method
The preparation of vesicles using the emulsion method is similar to that presented by others. 5, 6 The whole process was divided into two steps (supplementary Fig. 2 ): aqueous droplets with monolayer of lipid outside and protein solution of interest inside were synthesized in the first step; the droplets were converted to vesicles in the second step. In the first step, phosphatidylcholine (PC) and phosphatidylethanolamine (PE) in chloroform were vacuum dried for 12 hours to form a thin layer of film on the bottom of a glass tube. For the outer leaflet, only PC was used. For the inner leaflet, PC and PE were both used, and their ratio was set to a desired value. Here, the tube for the inner leaflet was called tube A, and the one for the outer leaflet was called tube B. After the film was formed, filtered mineral oil was added into both 3 tubes to resuspend the lipids with the aid of a magnetic stir bar on a magnetic mixer plate for 4 hours. Subsequently, 5 µl of protein solution containing proteins of interest in 0.3 M sucrose buffer was fed into 2 ml of lipid-oil mixture from tube A and was subjected to agitation for 10 minutes on a vortex machine. After agitation, micron-sized small aqueous droplets wrapped around by monolayer of lipid formed. Meanwhile, 0.5 ml of lipid-oil mixture from tube B was added onto the top of 0.5 ml elution buffer (0.3 M glucose) in a 1.5 ml spin tube. After ~30 minutes of equilibration, a monolayer of lipid accumulated at the interface between the mixture and the elution buffer through diffusion. In the second step, 300 ml of lipid-oil mixture containing the aqueous droplets were transferred into the spin tube and was centrifuged at the speed with a relative centrifugal force (RCF) in the range of 0 to 10kg for 5 minutes. During centrifugation, the aqueous droplets passed through the lipid layer on the top of elution buffer, picked up the lipids for the outer leaflet, and finally condensed into the elution buffer.
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Supplementary Text
The forces on aqueous droplets during centrifugation For a rigid particle, the total force they experience can be simplified to
where C F is the centrifugal force, G is gravity, B F is the buoyancy force, and T F is composite tension accounting for various tensions at the interface. In this study, G is neglected because of centrifugal acceleration associated with C F is about 10 3 -fold of gravitational acceleration. Thus, the total force can be further reduced to
. Due to the experimental setup, C F has the opposite direction to B F and T F (supplementary Fig. 3) . Theoretically, the centrifugal force and buoyancy force are proportional to the volume of a particle, which yields C F~3 r and B F~3 r where r denotes the radius of aqueous droplet. On the other hand, the total tension force is the product of the interfacial tension and the interfacial area that a particle has at the interface. Since surface tension is inversely proportional to local radius whereas interfacial area is a function of the square of the local radius, one has T F~r . Projecting all the forces to the direction perpendicular to the interface gives The shape of PC lipid is like a cylinder which favors the formation of flat lipid layer without curvature; whereas PE lipid is considered having a cone shape and usually results in curved lipid layer.
Additionally, the head group of PC is larger than that of PE. 9 It is well accepted that the tension in the membrane is dependent on the bending rigidity, the stretch modulus and the undulation of 5 lipid molecules at finite temperature, i.e., the entropic effect. 10, 11 On the basis of continuum theory of membrane, the "observable" tension,  , has the form of 
